Objective: Cancer stem cells (CSCs) are responsible for the drug resistance of breast cancers. Vitamin D deficiency promotes tumor resistance. The present study examined the effect of vitamin D and vitamin D receptor (VDR) expression on the tamoxifen resistance of CSCs. Methods: MCF-7 cells were treated with 1,25(OH) 2 D 3 and their levels of VDR expression, viability, and apoptosis were detected. CD133 + MCF-7 stem cells were identified and transfected with a VDR-overexpression plasmid. The tamoxifen concentration that reduced MCF-7 cell viability by 50% (IC 50 ) was determined. The activation of Wnt/β-catenin signaling was also investigated. Results: Vitamin D reduced the viability of MCF-7 cells and promoted their apoptosis. Vitamin D enhanced VDR expression and induced DNA damage. When CD133 + stem cells were separated from MCF-7 cells, the IC 50 of tamoxifen for stem cells was significantly higher than that of parental MCF-7 cells, suggesting a higher tamoxifen resistance in MCF-7 stem cells. Levels of VDR expression and Wnt/β-catenin signaling in CD133 + cells were markedly lower and higher than those in CD133 − cells, respectively. Stem cells transfected with VDR overexpression plasmids showed decreased tamoxifen IC 50 values, viability, spheroid formation, and expression of Wnt and β-catenin proteins when compared with control cells. Cell apoptosis was increased by transfection with a VDR overexpression plasmid. Finally, the inhibitory effects induced by VDR overexpression could be reversed by the VDR inhibitor, calcifediol. Conclusion: Stem cells contributed to the tamoxifen resistance of MCF-7 cells. Vitamin D-induced VDR expression increased the sensitivity of MCF-7 stem cells to tamoxifen by inhibiting Wnt/β-catenin signaling.
Introduction
Breast cancer is the second most common malignancy in women, and accounts for almost 30% of new cancers and 15% of cancer-related deaths [1, 2] . Breast cancer is an malignancy with a poor prognosis because of its genetic and phenotypic diversity, delayed diagnosis, and resistance to radiation and chemotherapy [3] .
Cancer stem cells (CSCs) comprise a small number of cells within tumors and have features similar to normal stem cells, such as embryonic stem cells [4, 5] . It has been well documented that CSCs are responsible for the initiation, metastasis, and drug resistance of cancer cells [6] [7] [8] . CSCs from malignancies have been identified and reported to contribute to tumor metastasis and chemoradiotherapy resistance [9, 10] . It is reported that breast cancer is driven by breast CSCs, which in turn drive tumor formation, metastasis, and resistance to chemotherapy [9] [10] [11] . The persistent activation of some conserved signaling pathways in CSCs, including the Notch and Wnt signaling pathways, guarantees the continued development of breast tumors and their metastasis [5, 12] . High levels of CSCs in breast cancer specimens are always predictive of metastasis, resistance to chemotherapeutic agents, and a poor clinical outcome [4, 13, 14] .
Vitamin D deficiency is a common factor found in patients with many disorders, including breast cancer, and a low vitamin D level is advantageous for tumor development, drug resistance, and metastasis [1, 15, 16] . Women with sufficient supplementation of calcium and vitamin D showed a decreased risk for invasive breast cancers [17] .
Vitamin D is not only a vitamin, but also a multifunctional pro-hormone and a precursor to calcitriol [1,25-dihydroxy-vitamin D3 (1,25(OH) 2 D 3 )], which is a potent steroid hormone [18] . The etiology of vitamin D deficiency-mediated cancers is characterized by an alteration in the oncogenic Wnt/β-catenin signaling pathway or the APC/β-catenin/TCF tumor suppressor pathway [5, 19, 20] . So et al. [21] found that administration of 1,25(OH) 2 D 3 or its analogs decreased Notch ligand levels, inhibited Notch 1 signaling, and reduced the CSC numbers among breast cancer cells. There is increasing evidence showing that vitamin D may exert therapeutic effects in breast cancer patients by inhibiting certain signaling pathways found in CSCs. Moreover, the resistance of breast cancer to tamoxifen is mediated by CSCs [22] . However, less information is known about the inhibitory effect of vitamin D on breast cancer, and the roles played by the vitamin D receptor (VDR) and its analogs in the resistance of breast CSCs to tamoxifen.
The present study explored the effect of vitamin D on breast cancer cells, including their viability, apoptosis, and VDR expression. The influence of VDR expression on the tamoxifen resistance of MCF-7 stem cells will be discussed. The association between Wnt/β-catenin signaling and VDR-mediated tamoxifen resistance in MCF-7 stem cells was studied. Our study results provide new insights into the association of tamoxifen resistance in MCF-7 stem cells with VDR expression and Wnt/β-catenin signaling.
Materials and methods

Cell culture and vitamin D treatment
Human MCF-7 breast cancer cells were purchased from ATCC (Manassas, VA, U.S.A.). The cells were maintained and expanded in DMEM (Hyclone, Logan, UT, U.S.A.) supplemented with 10% FBS (Sigma-Aldrich, St. Louis, MO, U.S.A.) at 37
• C, in a 5% CO 2 atmosphere. Cells were treated with 0, 0.001, and 0.1 μM 1,25(OH) 2 D 3 at 37
• C with 5% CO 2 . Each cellular treatment was performed in triplicate. The VDR inhibitor calcifediol (S1469) was used at a concentration of 0.1 μM to block the VDR.
Fluorescence-activated cell sorting and CD133
+ CSC treatment CD133 + stem cells were separated from MCF-7 cells by use of fluorescence-activated cell sorting methods [23] . In brief, cells were centrifuged and labeled with a FITC-conjugated CD133 antibody (eBiosciences, San Diego, CA, U.S.A.) for 1 h; after which, they were sorted using a Becton Dickinson (BD) fluorescence-activated cell sorter (BD Biosciences, San Jose, CA, U.S.A.). Individual CD133 + stem cells were manually removed under a microscope and maintained in serum-free DMEM/F-12 medium (Hyclone) that was supplemented with 2% B27 (Invitrogen, Life Technologies, Grand Island, NY, U.S.A.), 0.4% BSA (Sigma-Aldrich), 1% penicillin/streptomycin, bFGF, and EGF (20 ng/mL each, PeproTech, Inc., Rocky Hill, NJ, USA), insulin (10 μg/ml, Sigma-Aldrich), hydrocortisone (0.5 μg/ml, Invitrogen), and sodium glutamate (2 mM, Invitrogen) at 37
• C and 5% CO 2 [24] .
VDR expression plasmid construction and CSC transfection
The VDR-overexpression plasmid was constructed by cloning the full length VDR CDS sequence into a pcDNA3.0 expression vector (GeneChem Co. Ltd., Shanghai, China). The full length VDR gene CDS was obtained from MCF-7 cells by using the VDR forward primer (5 -GGGGTACCATGGAGGCAATGGCGGC-3 ) and reverse primer (5 -CCGCTCGAGTCAGGAGATCTCATTGCCAAACA-3 ). The PCR products and pcDNA3.0 vectors were digested with KpnI (Thermo Fisher Scientific, Waltham, MA, U.S.A.) and XhoI (Thermo Fisher Scientific) at 37
• C for 2 h, and then ligated by incubation with T4 DNA Ligase (Thermo Fisher Scientific) at 22
• C for 2 h. The purified products (0.4 μg of plasmids) and empty vectors (negative controls) were used for transfection into CSCs (100 μl, 1 × 10 5 /ml). The transfections were performed using 0.5 μl of Lipofectamine TM 2000 (Invitrogen) according to the manufacturer's instructions. Cells were incubated in serum-free DMEM/F-12 (Hyclone) medium that was supplemented with the factors described above at 37
• C with 5% CO 2 and then harvested at 48 h after cell transfection. All experiments were performed in triplicate.
Spheroid SEM imaging
An ultrastructure analysis of CSC spheroids was performed using SEM imaging. Aliquots of isolated single cells (5 × 10 4 ) were seeded into 24-well agar-coated plates and cultured under the conditions described above for 7 days. After being treated with methods recently described by Boo et al. [24] .
Soft agar colony formation assay
Soft agar colony formation was performed as describe [24] . Briefly, a mixture, consisted by 1.2% agar solution, 2× DMEM medium and about 2000 cells, was immitted into 96-well plate, and then plates were transfer into incubator for 10 days. Finally, plates were observed and photographed under microscope.
Immunofluorescence assay
Spheres derived from CD133 + CSCs were centrifuged on slides by using cytospins according to recently described methods [6] . Next, cells were fixed and prepared with 0.1% Triton, blocked with BSA, and then incubated in solutions that contained FITC-conjugated CD33 antibody (1:500, eBiosciences); after which, they were incubated with an IgG-FITC fluorescent antibody (1:500, eBiosciences) and stained with DAPI. For DNA damage determination, Hoechst 33258 staining solution (Beyotime Institute of Biotechnology, Shanghai, China) was added into solutions that contained fixed cells and incubated for 30 min at room temperature. The cells were then examined under an Olympus confocal microscope (FV 1000, Olympus, Tokyo, Japan).
Drug sensitivity assay
The sensitivity of parental MCF-7 cells and separated CSCs (CD133 + ) to the chemotherapeutic drug tamoxifen was measured using the MTT assay (Sigma-Aldrich) [24] . MCF-7 cells and CD133 + CSC spheroids were placed into 96-well plates at the conditions described above. Spheroids in 3D format and 2D format, and monolayer cells were dissociated into single cells, filtered, and counted. Next, aliquots containing 5 × 10 5 cells were placed into the wells of culture plates that were supplemented with tamoxifen (0-32 μM) and incubated for 96 h. MTT solution was then added to each well (20 μl/well) and the cells were incubated for another 4 h prior to addition of DMSO (170 μl/well). The absorbance of cell cultures was detected using a microplate reader (Bio-Rad, Hercules, CA, U.S.A.). The percentage of viable cells and degree of cell cytotoxicity were determined by comparing the absorbance of treated cells with that of control cells (defined as 100%). Dose-response curves for the MCF-7 cells and CSCs were constructed, and the tamoxifen concentration that produced a 50% reduction in cell viability (IC 50 ) was calculated.
Flow cytometric analysis
For apoptosis analysis, single cells were seeded into the wells of 6-well plates (5 × 10 5 cells/well) and incubated for 24 h; after which, 1,25(OH) 2 D 3 was added and the cells were incubated for an additional 48 h. Next, the cells were harvested, digested to single cells using 0.25% trypsin (Gen-View Scientific, Inc., El Monte, FL, U.S.A.), and prepared for apoptosis detection that was performed after adding 200 μl of Annexin V/Propidium Iodide (PI) staining solution (BD Biosciences). For the EdU proliferation assay, cells in 96-well plates were first treated with 1,25(OH) 2 D 3 for 48 h and then treated with 50 μM EdU solution for 2 h (100 μl/well, RiboBio, Guangzhou, Guangdong, China). The cells were then analyzed by flow cytometry as described in the manufacturer's instructions. All flow cytometric analyses were performed using a BD FACS Calibur TM flow cytometry (BD Biosciences).
Western blot analysis
Total cellular proteins were isolated from MCF-7 cells and CSC spheroids using lysis buffer (Beyotime). Samples of protein (35 μg) were separated by 10% SDS/PAGE (Sangon, Shanghai, China), and the separated protein bands were transferred onto PVDF membranes (Millipore, Whatman, Germany), which were then blocked with 5% skimmed milk (Beyotime). Next, the membranes were incubated with specific primary monoclonal antibodies against VDR (1:400, Abcam, Cambridge, U.K.), Wnt (1:1000, Abcam), β-catenin (1:5000, Abcam), and GAPDH (1:10,000, Abcam) at room temperature for 1 h. HRP Goat anti-Rabbit/mouse IgG (1:20,000, Boster Biotechnology Ltd., Wuhan, China) was used as the secondary antibody. The membranes were developed with an ECL system (Millipore, Billerica, MA, U.S.A.), and Image-Pro Plus 6.0 software (Media Cybernetics, Inc., Bethesda, MD, U.S.A.) was used to determine the optical density of each protein blot. 
Statistical analysis
All statistical analyses were performed using GraphPad Prism 6.0 software, and results are shown as the mean + − S.D. Student's t test was used to analyze differences, and P-values <0.05 were considered statistically significant.
Results
Vitamin D treatment suppressed cell proliferation and induced cell apoptosis DNA damage had occurred in a dose-dependent manner ( Figure 1C) . These results suggested that 1,25(OH) 2 D 3 had suppressed the proliferation ability of the MCR-7 cells and induced cell apoptosis by causing DNA damage. 
Vitamin D administration enhanced VDR expression
MCF-7 stem cells showed a relatively higher resistance to tamoxifen
MCF-7 stem cells were sorted by using the CD133 antibody and fluorescence-activated cell sorting methods. MCF-7 stem cell spheroids were identified by using the FITC-conjugated CD133 antibody in an immunofluorescence assay ( Figure 2A) . Next, we determined that the IC 50 value of tamoxifen for MCF-7 CSCs (29.44 + − 0.33 μM) was significantly higher than that for parental MCF-7 cells (5.74 + − 0.22 μM, P<0.0001; Figure 2B ). These results suggested that the stem cells had a higher resistance to tamoxifen.
VDR expression inactivated Wnt/β-catenin signaling
We next confirmed the presence of VDR expression, and found that VDR expression in CD133 + stem cells was lower than that in CD133 − cells (P<0.01, Figure 2C ). However, the levels of Wnt and β-catenin protein expression in CD133 + cells were higher than those in CD133 − cells (P<0.01, Figure 2D ), which was contrary to the trend shown by the VDR. These results suggested that VDR expression blocked the Wnt/β-catenin signaling pathway, and CD133 + CSCs had a lower capacity for activating vitamin D-mediated metabolic processes. Additionally, the higher resistance of CD133 + cells to tamoxifen might be mediated by the activation of Wnt/β-catenin signaling.
VDR mediates tamoxifen sensitivity in MCF-7 stem cells via the inactivation of Wnt/β-catenin signaling
To investigate the association of VDR-mediated tamoxifen sensitivity with activation of Wnt/β-catenin signaling in MCF-7 stem cells, we transfected CSCs with the VDR-overexpression plasmid, pc-VDR. We found up-regulated levels of VDR expression in the transfected cells when compared with VDR expression in the blank cells and negative controls (NC, transfected with pcDNA3.0 vectors, P<0.05, Figure 3A) . Next, we found that the IC 50 value of tamoxifen for transfected cells (16.10 + − 1.13 μM) was lower than that for the controls (>22 μM, P<0.01, Figure 3B ), suggesting that overexpression of the VDR had sensitized the CSCs to tamoxifen. In addition, we found that VDR-overexpressing CSCs developed fewer and smaller spheroids ( Figure 3C ), were less viable ( Figure 3D , P<0.001), and had higher apoptotic rates ( Figure 3E , P<0.01) than the control cells (blank and NC). These results indicated that VDR expression enhanced CSC apoptosis and suppressed cell proliferation. Finally, we found that overexpression of the VDR inhibited Wnt and β-catenin protein expression in CSCs, suggesting that VDR expression suppresses Wnt/β-catenin signaling in MCF-7 stem cells. Our results also suggest that overexpression of the VDR in MCF-7 stem cells might sensitize stem cells to tamoxifen by promoting cell apoptosis via the inactivation of Wnt/β-catenin signaling.
A VDR inhibitor reversed the inhibitory effects induced by 1,25(OH) 2 D 3
To further confirm the role of the VD/VDR signaling pathway in breast cancer, the VDR inhibitor, calcifediol was used in the following experiments. First, VDR expression was measured by Western blot methods, and the pcDNA 3.0 VDR was shown to significantly promote VCR expression in stem-like cells. However, a significant suppression of VDR expression was detected in cells that had been treated with calcifediol (P<0.05, Figure 4A ). CCK8 assay results showed that cells that highly expressed the VDR were also more sensitive to tamoxifen, and calcifediol could attenuate that trend. We also found that cells with higher levels of VDR expression formed relatively smaller spheroid bodies (P<0.05, Figure 4C ), and this trend could be reversed by treatment with the VDR inhibitor.
Furthermore, EdU staining results showed that cell viability was significantly decreased (P<0.05, Figure 4D ), and cell apoptosis rates were increased (P<0.05, Figure 4E ) when the VDR was overexpressed. However, cell survival was promoted by treatment with calcifediol, as shown by higher cell viability rates and lower rates of apoptosis (P<0.05, Figure 4D ,E). Further experiments showed that overexpression of the VDR promoted Wnt and β-catenin expression, and their expression could be suppressed by calcifediol treatment.
Discussion
CSCs play crucial roles in the initiation, metastasis, and drug resistance of tumors [6] [7] [8] . Many CSCs from malignancies have been identified during the past decades, and been reported to mediate tumor metastasis and chemoradiotherapy resistance [9, 10] . In our study, we found that when compared with parental MCF-7 cells, MCF-7 stem cells had a higher IC 50 value for tamoxifen. Therefore, we became interested in the tamoxifen sensitivity mediated by MCF-7 stem cells.
Previous studies have provided insights into effects of 1,25(OH) 2 D 3 , a VDR agonist, and the VDR, and how their interaction helps to regulate cell differentiation, the cell cycle, autophagy, and apoptosis [1, 25, 26] . Artaza et al. [26] reported that administration of the VDR ligand 1,25D inhibited the proliferation of mesenchymal multipotent cells by arresting the cell cycle at the G 0 /G 1 phase, rather than by inducing apoptosis. They also found that the cells could increase in size without an induction of Wnt-1 expression. Hager et al. [27] reported that administration of 1,25(OH) 2 D 3 to squamous cell head and neck carcinoma cell lines induced G 0 /G 1 cell cycle arrest by promoting VDR-mediated p21 and p27 expression. Genes regulated by 1,25(OH) 2 D 3 not only modulate the cell cycle, but are also involved in apoptosis [1] . In our present study, we demonstrated that administration of 1,25(OH) 2 D 3 to MCF-7 cells promoted G 0 /G 1 cell cycle arrest, and cell apoptosis by inducing expression of the VDR. These results suggest that 1,25(OH) 2 D 3 -induced VDR expression might be responsible for 1,25(OH) 2 D 3 -mediated MCF-7 cell apoptosis.
Given that CSCs are responsible for the initiation, metastasis, and drug resistance of cancers, and activation of the Wnt signaling pathway in CSCs is required for tumorigenesis and metastasis [5] [6] [7] [8] 12] , we sorted MCF-7 stem cells by using fluorescence-activated cell sorting methods and the CD133 antibody to examine VDR expression and activation of Wnt/β-catenin signaling in MCF-7 cells. We first confirmed that the IC 50 value of tamoxifen for MCF-7 stem cells was higher than that for the parental MCF-7 cells, suggesting tamoxifen resistance. Next, we found that the levels of VDR expression in CSCs (CD133 + ) were lower than those in the differentiated cells (CD133 − ). As expected, we found that the Wnt/β-catenin signaling pathway was highly activated in MCF-7 stem cells. In contrast, the VDR overexpression-induced inactivation of Wnt/β-catenin signaling produced tamoxifen sensitivity in MCF-7 stem cells. Taken together, these results suggest that the activated Wnt/β-catenin signaling pathway was responsible for the tamoxifen resistance of MCF-7 stem cells.
Persistent activation of the oncogenic Wnt/β-catenin signaling pathway in cancer cells is critical for tumor initiation and metastasis, because it promotes the accumulation of its target genes [5, 20] . The 1,25D ligand-activated VDR in colon carcinoma cells competes with a β-catenin binding member (Tcf4) for β-catenin binding [28, 29] . Increasing evidence suggests that vitamin D or a 1,25(OH) 2 D 3 supplement can inhibit tumor growth and inactivate Wnt/β-catenin signaling by promoting the binding of β-catenin to the VDR, thus blocking the transduction of Wnt/β-catenin signaling [30, 31] . Increased expression of the VDR or administration of vitamin D and its agonists served to inhibit or negatively regulate Wnt/β-catenin signaling, as well as tumorigenesis and metastasis [29, 32, 33] . Vitamin D administration also induces the expression of E-cadherin, and thus inhibits EMT progression by modulating the β-catenin/TCF-4 axis, which exerts an opposite effect on the β-catenin signaling pathway, and thereby suppresses tumorigenesis and the metastasis of colon carcinoma cells [28] . In the present study, we demonstrated a negative regulatory relationship between the VDR and Wnt/β-catenin signaling. The administration of 1,25(OH) 2 D 3 to MCF-7 cells and overexpression of the VDR in MCF-7 stem cells indeed induced VDR expression and inhibited MCF-7 cell proliferation and the expression of Wnt and β-catenin proteins. Accordingly, we suggest that these results demonstrate that administration of vitamin D or 1,25(OH) 2 D 3 to MCF-7 cells can inhibit cell proliferation and increase cell sensitivity to tamoxifen by suppressing Wnt/β-catenin signaling.
Conclusion
Taken together, we found that administration of 1,25(OH) 2 D 3 to MCF-7 cells arrested the cells at their G 0 /G 1 phase, inhibited cell proliferation, promoted cell apoptosis, and caused DNA damage. Administration of vitamin D activated the VDR, which subsequently inhibited Wnt/β-catenin signaling and thus increased cell sensitivity to tamoxifen. We also demonstrated that the resistance of MCF-7 cells to tamoxifen was mainly mediated by MCF-7 stem cells, and that overexpression of the VDR in stem cells increased tamoxifen sensitivity in MCF-7 stem cells by inhibiting Wnt/β-catenin signaling. Vitamin D supplementation, a stimulation of VDR expression, or the inhibition of Wnt/β-catenin signaling in breast CSCs might be a useful approach for the clinical treatment of breast cancers.
